ABSTRACT During meiotic prophase a synaptonemal complex (SC) forms between each pair of homologous chromosomes and is believed to be involved in regulating recombination. Studies on SCs usually destroy nuclear architecture, making it impossible to examine the relationship of these structures to the rest of the nucleus. In Saccharomyces cerevisiae the meiosis-specific Zip1 protein is found throughout the entire length of each SC. To analyze the formation and structure of SCs in living cells, a functional ZIP1::GFP fusion was constructed and introduced into yeast. The ZIP1::GFP fusion produced fluorescent SCs and rescued the spore lethality phenotype of zip1 mutants. Optical sectioning and fluorescence deconvolution light microscopy revealed that, at zygotene, SC assembly was initiated at foci that appeared uniformly distributed throughout the nuclear volume. At early pachytene, the full-length SCs were more likely to be localized to the nuclear periphery while at later stages the SCs appeared to redistribute throughout the nuclear volume. These results suggest that SCs undergo dramatic rearrangements during meiotic prophase and that pachytene can be divided into two morphologically distinct substages: pachytene A, when SCs are perinuclear, and pachytene B, when SCs are uniformly distributed throughout the nucleus. ZIP1::GFP also facilitated the enrichment of fluorescent SC and the identification of meiosis-specific proteins by MALDI-TOF mass spectroscopy. D URING meiosis, replicated homologous chromo- (Baker et al. 1976). At pachytene, the SCs have matured somes (homologs) pair, undergo reciprocal recominto ribbon-like structures that intimately connect each bination (crossing over or chiasma formation) and synpair of homologs from end to end and appear embedapsis, and then segregate from each other in two distinct ded at each end in the nuclear periphery (Esponda division stages, meiosis I and meiosis II, to reduce the and Gimenez-Martin 1972; Byers and Goetsch 1975). number of chromosomes by half. Reciprocal recombinaIn the yeast Saccharomyces cerevisiae, strand invasion and tion between each pair of homologs takes place during Holliday junction recombination intermediates are obmeiotic prophase and is essential for their proper segreserved throughout zygotene and pachytene (Allers gation at the first meiotic division (meiosis I). Meiotic and Lichten 2001; Hunter and Kleckner 2001). At prophase can be further divided into leptotene, zygotene, diplotene, the SCs come apart but homologs are joined pachytene, diplotene, and diakinesis stages defined by by mature chiasmata at or near sites where reciprocal the state of chromosome pairing and condensation. At recombination has taken place. At this stage it is likely leptotene, chromosomes begin to condense and each that Holliday junctions have been resolved and reciproreplicated homolog forms an axial element. Near the cal recombination has been completed. At diakinesis end of this stage, telomeres cluster near the nuclear chromosomes undergo further condensation prior to periphery; the chromosomes form a bouquet, and doualignment on the spindle at metaphase. ble-strand breaks (DSBs) in DNA that initiate recombiThe SC has been proposed to function in the regulanation begin to appear. At zygotene, the axial elements tion of meiotic recombination including a phenomenon synapse at the sites of the DSBs and tripartite proteincalled crossover interference (Egel 1978; Sym and Roeder aceous structures called synaptonemal complexes (SCs) 1994). Crossover interference is an observed suppresbegin to form between homologous chromosomes sion of double crossovers that suggests a specific mechanism for distributing crossovers. This mechanism is also thought to help insure that each pair of chromosomes 1 Present address: Department of Molecular, Cellular and Developundergoes crossing over (Kaback et al. 1999) . Very little mental Biology, Yale University, New Haven, CT 06511.
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URING meiosis, replicated homologous chromo- (Baker et al. 1976) . At pachytene, the SCs have matured somes (homologs) pair, undergo reciprocal recominto ribbon-like structures that intimately connect each bination (crossing over or chiasma formation) and synpair of homologs from end to end and appear embedapsis, and then segregate from each other in two distinct ded at each end in the nuclear periphery (Esponda division stages, meiosis I and meiosis II, to reduce the and Gimenez-Martin 1972; Byers and Goetsch 1975). number of chromosomes by half. Reciprocal recombinaIn the yeast Saccharomyces cerevisiae, strand invasion and tion between each pair of homologs takes place during Holliday junction recombination intermediates are obmeiotic prophase and is essential for their proper segreserved throughout zygotene and pachytene (Allers gation at the first meiotic division (meiosis I). Meiotic and Lichten 2001; Hunter and Kleckner 2001) . At prophase can be further divided into leptotene, zygotene, diplotene, the SCs come apart but homologs are joined pachytene, diplotene, and diakinesis stages defined by by mature chiasmata at or near sites where reciprocal the state of chromosome pairing and condensation. At recombination has taken place. At this stage it is likely leptotene, chromosomes begin to condense and each that Holliday junctions have been resolved and reciproreplicated homolog forms an axial element. Near the cal recombination has been completed. At diakinesis end of this stage, telomeres cluster near the nuclear chromosomes undergo further condensation prior to periphery; the chromosomes form a bouquet, and doualignment on the spindle at metaphase. ble-strand breaks (DSBs) in DNA that initiate recombiThe SC has been proposed to function in the regulanation begin to appear. At zygotene, the axial elements tion of meiotic recombination including a phenomenon synapse at the sites of the DSBs and tripartite proteincalled crossover interference (Egel 1978 ; Sym and Roeder aceous structures called synaptonemal complexes (SCs) 1994). Crossover interference is an observed suppresbegin to form between homologous chromosomes sion of double crossovers that suggests a specific mechanism for distributing crossovers. This mechanism is also thought to help insure that each pair of chromosomes GACAAATTAT-3Ј and the reverse primer B, 5Ј-AAGCATGGC 1994; Ross-Macdonald and Roeder 1994; Eijpe et al. . A KpnI site was added 2000). In S. cerevisiae most of the known SC-associated to the forward primer (underlined) that facilitated introducproteins display a discontinuous distribution along the tion into the pRS series of plasmid vectors (Sikorski and longitudinal axis of this structure and appear to be asso- Hieter 1989 ). An AscI site introduced into the reverse primer (underlined) facilitated in-frame fusion to the coiled-coil reciated with recombination intermediates. In addition, gion of ZIP1 (Dong and Roeder 2000) . A 0.7-kb fragment several proteins believed to have a structural role in containing GFP was amplified from pPS904 (Kahana et al. the SC have also been found (Heyting et al. 1985; using the primers 5Ј-AAGCATGGCGCGCCTGGAGG Hollingsworth et al. 1990; Sym et al. 1993 ; Smith and TATGGCTAGCAAAGGAGAA-3Ј and 5Ј-AAGCATGGCCGGC Roeder 1997). One of these, Zip1, appears to be an were introduced at the 5Ј and 3Ј ends of GFP, respecintegral component of the SC and is found throughout tively, to facilitate its integration into ZIP1. Primer C, 5Ј-AGAT its entire length (Sym et al. 1993) . It is the only known GAGGCCGGCCAGCACAATATGAAGATTTGGTC-3Ј and pri-S. cerevisiae SC component that behaves this way and mer D, 5Ј-ATGCTAGCGGCCGCGACCTCTTTTGTTTTTAC is believed to be the ortholog of SCP1 from rat testis TAGAG-3Ј were used to amplify a 1.2-kb fragment from (Meuwissen et al. 1992) . Zip1 contains 875 amino acids pR1630 encoding the C terminus and 3Ј untranslated region (UTR) of ZIP1. An FseI site was introduced at the GFP fusion that have been suggested to form two large central site and a Not I site was introduced in the 3Ј-UTR to facilitate ␣-helical coiled-coil domains flanked by globular doligation into pRS plasmids. PCR products were cut with restricmains (Sym et al. 1993 show high levels of spore inviability (Sym et al. 1993 EW202 by one-step gene replacement as previously described (Conrad et al. 1997) . ZIP1::GFP was introduced into ndt80:: DNA manipulations: Standard techniques were used for recombinant DNA plasmid construction and amplification in URA3 strains NKY2292 and NKY2293 by two-step gene replacement. Correct integration of all constructs was confirmed by Escherichia coli (Maniatis et al. 1982) .
C-terminal fusions of GFP to ZIP1 were nonfunctional (not DNA blot hybridization (Southern 1975) . Synaptonemal complex spreads and conventional fluoresshown). Therefore, GFP was inserted in the ZIP1 coiled-coil domain that appears to tolerate small deletions without sigcence microscopy: Sporulating cells were spheroplasted and spreads were produced using the method of Loidl et al. nificant loss of function (Sym and Roeder 1995) . A 2.4-kb promoter-containing fragment containing the N-terminal por-(1994) . Unstained spreads were visualized directly for fluorescent SCs. Fluorescence microscopy was performed at ϫ1000 tion of the ZIP1 gene was amplified by PCR (Mullis and Faloona 1987 ) from pR1630 (a gift from G. S. Roeder) using magnification using either an FITC filter for green fluorescent protein (GFP) or a 4Ј,6-diamidino-2-phenylindole (DAPI; the forward primer A, 5Ј-GCTAGGTACCTATACAACCGATC Hoechst) filter for stained DNA. Electron microscopy at Fluorescence deconvolution light microscopy: Microscopy was performed on a wide-field Olympus IX70 inverted micro-ϫ3000 magnification was carried out on surface-spread material that was stained with AgNO 3 as previously described scope using a ϫ100 1.35NA PlanApo lens, as part of the DeltaVision microscope system (Applied Precision, Issaquah, (Loidl et al. 1994) .
Functional activity of ZIP1::GFP : The percentage of viable WA). Data sets were collected for GFP and Hoechst in three dimensions. Z-axis images were collected 0.2 m apart. Threeascospores from four-spored asci was determined by dissection and spore growth on YPD agar plates. Percentage of functional dimensional data sets were deconvolved using the DeltaVision software package. To rotate three-dimensional nuclei, the Volactivity of ZIP1::GFP is the observed percentage of viable spores normalized between 0 and 100 where 0 was the percentage umeViewer program in DeltaVision was used to create 36 projections around 180Њ. of viability obtained for the zip1::LYS2 mutant and 100 was the percentage of viability obtained for the wt control strain.
Enrichment of fluorescent SCs: Meiotic nuclei were prepared by an adaptation of the method of Rout and Kilmartin Percentage of functional activity ϭ 100 ϫ (ZIP1::GFP spore viability Ϫ zip1 spore viability)/(wt spore viability Ϫ zip1 spore (1998). A fresh YPD-grown overnight culture of strain EW104 was inoculated into 8 liters of YPA medium containing 2% viability).
Synchronous sporulation for analyzing kinetics of SC forma-(w/v) potassium acetate (10 ml inoculum/1 liter medium/ 2-liter flask) and grown to a density of 80-100 Klett units. tion and completion of meiotic divisions: Cells were sporulated essentially as previously described (Padmore et al. 1991) using Cells were harvested (1500 ϫ g, 5 min at RT), washed with water, resuspended in 4 liters 2.0% (w/v) potassium acetate, a single fresh colony from a YPD plate that was first streaked onto a YEP 2% (v/v) glycerol plate and grown for 3-4 days. pH 7.0 (500 ml/2-liter flask), and incubated for 10 hr with vigorous shaking at which time ‫%09ف‬ of cells were arrested at A large colony that arose was then inoculated into 1.0 ml liquid YPD medium and grown to saturation overnight. A pachytene with full-length green fluorescent SC. The arrested cells were harvested (1500 ϫ g, 5 min at RT); washed with 1:100 dilution was made into 100 ml YEP 1% acetate and grown for 13.5 hr. Cells were harvested by centrifugation [1000 ϫ g, water; resuspended in four 50-ml plastic tubes, each containing 40 ml of 100 mm Tris-HCl and 10 mm dithiothreitol 5 min at room temperature (RT)], washed with water, and resuspended in 500 ml 2% (w/v) potassium acetate sporula-(DTT), pH 9.4 ‫01ف(‬ g of cells wet weight/tube); and incubated for 10 min at RT. The cells were then pelleted (1500 ϫ tion medium, pH 7.0, at T ϭ 0 hr. Cells were visualized using an Olympus BX60 fluorescence microscope. Meiotic progression g, 5-10 min), washed with distilled water and then with 1.1 m sorbitol at RT, and resuspended in 8 ml 1.1 m sorbitol/tube. A was monitored at hourly intervals by counting the number of nuclei in ‫002ف‬ DAPI-stained cells (Loidl et al. 1994) . Kinetics total of 20 mg Zymolyase 20T (Seikagaku America, Ijamsville, MD), 4 mg lytic enzymes (Sigma, St. Louis), and 800 l Glusuof SC formation was monitored at hourly intervals by assigning ‫002ف‬ sporulating nuclei into one of four categories, no fluolase (New England Nuclear, Boston) were added per tube and the suspension was incubated for ‫2ف‬ hr at 30Њ. Spheroplasting rescence, diffuse fluorescence, punctate fluorescence, and full-length fluorescent strings, and plotting the percentage of was monitored by phase-contrast microscopy by adding ‫1ف‬ l 10% (w/v) sodium dodecyl sulfate to ‫05ف‬ l of sample and each category as a function of time. Each kinetic analysis was carried out using two independently transformed strains. In observing the extent of lysis. Spheroplasting was considered complete when the detergent lysed ‫%59ف‬ of the cells. Iceall cases no differences were observed between the two transformants.
cold 1.1 m sorbitol was then added to fill each centrifuge tube and the spheroplasted cells were pelleted (1500 ϫ g for 5 with age. Tubes were then incubated for 10 min at RT and then for an additional 10 min at 37Њ; 10.0% (w/v) N-lauroyl min at 4Њ), gently resuspended, and washed in ice-cold 1.1 m sorbitol. The spheroplasts were gently resuspended in 20 ml sarcosine sodium salt (Sigma) was added to a final concentration of 0.2% (w/v) and lysis was continued for an additional 30 min ice-cold 1.1 m sorbitol/tube and each tube was overlaid onto 12 ml 7.5% Ficoll type 400 in 1.1 m sorbitol in a 40-ml centriat 4Њ. Following lysis, the suspension from each tube was divided into 5-ml polypropylene tubes and centrifuged for 6 min at fuge tube. Cells were centrifuged through the Ficoll layer at 10,500 ϫ g for 15 min at 4Њ and the supernatant was carefully 6000 rpm (3300 ϫ g) at 4Њ in an SW50 rotor to remove large nonresuspendible particles. The supernatant (5 ml/tube) was evacuated from the top to avoid any loss of the spheroplastcontaining pellet. Each tube of spheroplasts was resuspended removed by aspiration and the volume was increased to 10 ml with a sucrose concentration of 1.5 m by the addition of 1.3 ml in 20 ml PVP lysis solution. PVP lysis solution is made up from PVP buffer plus the additions listed below. Each liter of PVP Bis-Tris buffer and 3.7 ml 2.5 m sucrose in Bis-Tris buffer. The lysed nuclear extract was divided and overlaid onto six step buffer contains 80 g polyvinyl pyrolidone (PVP-40), 1.57 g KH 2 PO 4 , 1.46 g K 2 HPO 4 , and 1.0 mmol MgCl 2 . To make PVP gradients consisting of 5.0 ml 2.3 m, 6.0 ml 2.0 m, and 15.0 ml 1.7 m sucrose in Bis-Tris buffer made up in 36-ml polypropylene lysis solution, 400 l 1.0 m DTT, 800 l 2.0% (w/v in 100% ethanol) phenylmethylsulfonyl fluoride (PMSF; Sigma), 200 tubes and centrifuged for 10 hr at 23,000 rpm (70,000 ϫ g) at 4Њ in an SW28 rotor. The gradient was fractionated from the l 10% (w/v) Triton X-100, 16 l 1.0% (in DMSO) pepstatin (Sigma), 16 l 1.0% (w/v in DMSO) chymostatin (Sigma), top by aspiration and the fractions comprising the 2.0 m sucrose layer containing the bulk of the fluorescent material were pooled and 16 l 1.0% (w/v) leupeptin (Sigma) were freshly added to 80 ml of PVP buffer just prior to use. While preparing lysis and utilized for further study. Quantitation of SC enrichment: Equal amounts (200 l) of solution, it was also necessary to freshly prepare 50 ml of PVPsucrose buffer. To prepare this solution 50 l 1.0 m DTT, each Zip1::GFP fraction and parallel wt Zip1 fractions were analyzed in nonfluorescent 96-well plates (Nalgenunc International, 100 l 2.0% (w/v) PMSF, 10 l 1.0% pepstatin, 10 l 1.0% chymostatin, and 10 l 1.0% leupeptin were added to 50 ml Rochester, NY) using a microplate fluorescence reader (FL500 version 1D1, Bio-tek, Winooski, VT) set at a sensitivity of 50 using PVP buffer containing 0.3 m sucrose. Spheroplast lysis was performed by homogenization with a Polytron PT3000 (Brinkan FITC filter set with excitation at 485 Ϯ 20 nm and emission at 530 Ϯ 25 nm. GFP-specific fluorescence was the difference man/Kinematica AG, Lucerne, Switzerland) for 1 min at 12,000 rpm, 1 min at 15,000 rpm, and 1 min at 17,000 rpm between the Zip1::GFP and parallel wt measurements.
To determine the concentration of proteins in each sample with tubes placed on ice for 3 min in between each Polytron homogenization step. Immediately following homogenizathe sucrose fractions were dialyzed overnight against 4 liters of sterile distilled H 2 O in the presence of 0.025% SDS at RT with tion, the extracts were underlaid with 12 ml of PVP-sucrose solution per tube and centrifuged at 16,500 ϫ g for 20 min continuous stirring using 6-8000 M r cutoff Spectrapore dialysis tubing that had been boiled for 30 min and cooled (Spectrum at 4Њ in an HB4 (Sorvall) rotor. The crude nuclear pellet that resulted was resuspended in 7.0 ml Bis-Tris buffer; 50 ml of Medical Industries, Los Angeles). To remove the polidocanol, 200 mm cholic acid (Sigma) and 5 mm N-ethylmalemide (Sigma) Bis-Tris buffer contained 10 mm Bis-Tris, pH 6.75, 50 l 1.0 m DTT, 100 l 2.0% PMSF, 10 l 1.0% pepstatin, 10 l 1.0%
were added to each fraction. Following dialysis, fractions were lyophilized and resuspended in 500-1000 l sterile H 2 O. Protein chymostatin, 10 l 1.0% leupeptin, and 10 l 5 m MgCl 2. Resuspension of the crude nuclear pellet was carried out using concentration from 100 l of each sample was determined with the Bio-Rad D c protein assay (Hercules, CA), which enables the the Polytron at 12,000 rpm for two 30-sec homogenizations with tubes placed on ice between each step. Bis-Tris buffer (5 accurate quantitation of protein in the presence of contaminating detergent. ml) containing 2.5 m sucrose was added to each tube and mixed by vigorous shaking to bring the final sucrose concen-PAGE and Western blotting: Proteins were separated on either 8 or 10% discontinuous polyacrylamide gels containing SDS as tration to ‫1.1ف‬ m. The homogenates were overlaid onto four step gradients containing 10 ml 2.5 m sucrose and 14 ml 1.2 described by Laemmli (1970) and visualized by staining with either Coomassie blue or silver nitrate (Morrissey 1981 ; Wilson m sucrose in Bis-Tris buffer made in 36-ml polypropylene centrifuge tubes. The gradients were centrifuged at 20,000 1983). Large-scale protein electrophoresis was performed with an SE 400 vertical slab gel (Amersham Biosciences, Piscataway, rpm for 1 hr at 4Њ in an SW28 rotor (55,000 ϫ g ; Beckman Instruments, Fullerton, CA) and fractionated by removing NJ). For Western blotting, ‫5ف‬ g of protein was added per lane material from the top by aspiration. The top 24 ml that was just above the 1.2 m sucrose-2.5 m sucrose interface was removed in and separated by PAGE using a Bio-Rad Mini-PROTEAN III system and transferred to polyvinyl difluoride (PVDF) membrane two 12-ml fractions and discarded. A majority of fluorescent nuclei were located just below at this interface. This layer ‫8ف(‬ (Amersham Biosciences) with the Bio-Rad Mini Trans-blot cell in the presence of Towbin buffer containing SDS as described ml/tube; fraction 3) was removed, pooled (total volume ‫53ف‬ ml), and stored at Ϫ80Њ. The remaining material containing by the supplier (Towbin et al. 1979) . GFP was detected using GFP Living Colors antibody from CLONTECH (Palo Alto, CA). unlysed cells and spheroplasts was discarded. Fraction 3 was defrosted and ‫51ف‬ ml Bis-Tris buffer was added to a total Red1 antiserum was a gift from G. S. Roeder. The ECLϩPlus system (Amersham Biosciences) was used for detection of antivolume of ‫05ف‬ ml that was divided among three 16-ml polypropylene ultracentrifuge tubes and centrifuged at 20,000 rpm body complexes. Protein identification by MALDI-TOF mass spectroscopy: Profor 1 hr at 4Њ in an SW28 rotor. The supernatant was aspirated and discarded. The pellet from each tube was resuspended tein bands from Coomassie brilliant blue G-250-stained preparative gels were excised with a razor blade, minced, placed in in 1 ml cold Bis-Tris buffer containing 40% sucrose by vigorous pipetting. Twenty microliters of 2.0% (w/v) DNAseI (Sigma) siliconized 1.5-ml conical centrifuge tubes, and washed for at least 1 hr with 500 l 0.1 m ammonium bicarbonate at RT. The and 100 l 1.0% (w/v) RNAseA (Sigma) were added to each tube and the mixture was allowed to sit at RT for 15-20 min.
gel pieces were rewashed twice for Ͼ1 hr in 500 l of 0.1 m ammonium bicarbonate in 50% acetonitrile (ACN). ACN (100 Nine milliliters of Bis-Tris buffer containing 40% (w/v) sucrose plus 2.0% (v/v) polyoxyethylene 9 lauryl ether (polidol) was added to shrink the gel pieces and removed. Gel pieces were dried and proteins were trypsinized as previously described canol, Sigma) was added per tube and the tubes were placed on ice for 30 min. Only solid polidocanol was used as this (Christoffers et al. 2003) . Salts and any remaining gel debris were removed from the peptides using a C18 ZipTip (Millipore, detergent liquefies and loses its ability to efficiently lyse nuclei Bedford, MA) as described by the manufacturer. The peptides zip1::LYS2 control strain that spontaneously lost the plaswere then spotted onto plates and analyzed by MALDI-TOF mass mid (45 Ϯ 6%, n ϭ 240 spores dissected). However, the spectroscopy (Voyager MALDI DE-PRO, Applied Biosystems, increased spore viability was an underestimate of the Foster City, CA) as described (Christoffers et al. 2003) .
functional activity of ZIP1::GFP because plasmid pEJW2 instability lowered the value and could not be accurately RESULTS quantitated. Therefore, ZIP1::GFP was stably integrated in the chromosome in place of the wt ZIP1 gene as deCharacterization of meiosis and sporulation in ZIP1::
scribed in materials and methods and ZIP1::GFP/ GFP cells: To investigate the formation and structure ZIP1::GFP homozygotes and ZIP1::GFP/ZIP1 heterozygotes of meiotic SCs in living S. cerevisiae cells, a ZIP1::GFP were constructed. The homozygotes (strain EW102) profusion was constructed as described in materials and duced brilliantly fluorescent SCs at the appropriate methods. To avoid interference with the nuclear localstage of meiosis while the ZIP1::GFP/ZIP1 heterozygotes ization signal (NLS) at the carboxyl terminal (Burns et (strain EW103) produced much less fluorescent SCs al. 1994), GFP was inserted in the middle of the coiledthat were much more difficult to observe (not shown). coil domain ( Figure 1A ). This region had been preTo assay the functional activity of the fluorescent proviously shown to be able to withstand small deletions tein, its ability to increase spore viability was quantitated while maintaining a significant level of function (Tung ( Figure 1D ). Spore viability of the ZIP1::GFP/ZIP1::GFP and Roeder 1998). The ZIP1::GFP fusion was introduced homozygote was only slightly less than that of the wt on a stable centromere-containing plasmid (pEJW2) into control while the ZIP1::GFP/ZIP1 heterozygote was ina homozygous null zip1 mutant diploid (strain EW407). distinguishable from wt. Normalizing percentage of viaExamination of spreads from transformed sporulating bility between 1.0 and 0 for wt and the homozygous zip1 cells (strain EW408) sampled at the appropriate time null mutant, respectively, indicated that ZIP1::GFP in revealed the presence of nuclei with ‫61ف‬ full-length place of both copies of the wt gene restored viability to brilliantly fluorescent SCs ( Figure 1B) . Most of these 85% of the wt value. nuclei also contained an amorphous fluorescent body ZIP1 is required for normal levels of meiotic reciprothat probably was the polycomplex but may have also cal recombination. To further assay the functional activbeen a GFP aggregate. The polycomplex is an aggregate ity of the fluorescent protein, meiotic recombination containing Zip1 protein and is frequently observed in was monitored in a 130-kb interval between an inserted wt meiotic cells (Moens and Rapport 1971; URA3 gene on the left arm (Cao et al. 1990 ) and the Roeder 1995). Electron microscopy of these fluorescent MAT locus on the right arm of chromosome III. The spreads revealed that the SCs appeared normal with a results [88PD:12NPD:90T ϭ 43 cM for ZIP1::GFP (strain tripartite structure surrounded by chromatin ( Figure  EW112 ) and 46P:14NPD:121T ϭ 57 cM for wt (strain 1C; Sym et al. 1993) . Therefore, Zip1::GFP is incorpo-EW114)] indicated that the level of crossing over in rated efficiently into SCs. Strains deleted for zip1 display the ZIP1::GFP homozygote was 75% that of wt, in close substantially decreased spore viability compared to wt agreement with the restoration of viability. (Sym et al. 1993) . Strain EW408 (zip1::LYS2/zip1::LYS2) Examination of meiotic nuclear division and sporulathat contains plasmid pEJW2 (ZIP1::GFP) showed sigtion at hourly intervals revealed that the ZIP1::GFP honificantly enhanced spore viability (72 Ϯ 7%, n ϭ 216 spores dissected) compared to an isogenic zip1::LYS2/ mozygote, ZIP1::GFP/ZIP1 heterozygote, and wt homo-rescent and difficult to observe compared to the homozygote. SC formation was examined at hourly intervals by classifying nuclei into the four different morphological categories on the basis of the appearance and organization of the fluorescent protein ( Figure 2B ). Due to the difficulty of visually scoring the less fluorescent SCs in the heterozygote, a kinetic analysis of SC formation was performed solely on the ZIP1::GFP homozygote ( Figure  2C ). Zip1::GFP fluorescence was first observed at 2 hr and was diffusely distributed throughout the nuclei. By 3 hr many nuclei contained punctate fluorescent foci that we interpret to be due to the initiation of synapsis and the initial stages of SC formation at zygotene. At this point a few nuclei contained some full-length SCs. The number of nuclei containing full-length SCs increased at later times, reaching a maximum at 5 hr. From 7 to 8 hr there was another small increase in punctate nuclei that is likely to represent a very shortlived diplotene stage where SCs are disassembled. Concurrently, a striking increase in the number of non-fluorescent nuclei was observed, indicating that the fluorescent protein was degraded rapidly. By integrating the proportion of nuclei at each time point and correcting for sporulation efficiency, we calculated that zygotene lasted 0.4-0.6 hr, pachytene lasted 1.4-1.8 hr, and diplotene lasted 0.3-0.5 hr. These in vivo results are somewhat similar to previous studies using fixed wt ZIP1 cells (Padmore et al. 1991) . However, zygotene was ‫51ف‬ min longer and pachytene was ‫03ف‬ min longer in the the number of foci per nucleus could not be determined. These results suggest that zygotene pairing takes place all over the nucleus. zygote strains all sporulated to the same extent ( Figure  2A ). ZIP1::GFP/ZIP1 heterozygotes and wt homozygotes SC organization and distribution in pachytene nuclei: At 5-7 hr, pachytene nuclei containing full-length SC displayed no differences in the kinetics of meiosis and sporulation while the ZIP1::GFP homozygote exhibited were readily observable by fluorescence deconvolution microscopy in both the ZIP1::GFP/ZIP1::GFP homozyan ‫-1ف‬hr delay in the appearance of cells containing two nuclei (meiosis I). Thus, ZIP1::GFP produces easily gote and the ZIP1::GFP/ZIP1 heterozygote. In each nucleus all the SCs either were located at the nuclear observable fluorescent SCs and a near wt phenotype with respect to spore viability and meiotic reciprocal periphery ( Figure 4 , A and B) or were more uniformly distributed throughout the entire nuclear volume (Figrecombination . When heterozygous with a wt ZIP1 gene, there is no discernible phenotype, but SCs are less fluoure 4C). In most nuclei containing perinuclear SCs, the SCs were distributed in an asymmetric or polarized array ( Figure 4B ). In about one-fourth of the nuclei containing perinuclear SCs, the SCs were more symmetrically distributed around the entire periphery ( Figure  4A ). As there were no observable kinetic differences between the polarized and symmetrically distributed perinuclear arrays, the two arrays were treated as a single perinuclear class.
Quantitation of cells with perinuclear vs. uniformly distributed SCs between 4 and 7 hr in the heterozygote showed a decrease in the perinuclear population and an increase in the uniform population at the later time. However, the difference could not be considered significant. In contrast, when the homozygote was examined, the SCs were predominantly perinuclear at the earliest time point and predominantly uniformly distributed (90%) at the latest time points ( Figure 4F ). The studies on the homozygote suggest that pachytene consists of two distinct morphological stages, one where the SCs are predominantly perinuclear and a later stage where SCs are uniformly distributed throughout the appear to be exactly the same as wt but were narrower and seemed to be less condensed ( Figure 5 ). Similar to at all three times shown ( Figure 4D ) and did not appear were determined using conventional fluorescence microscopy. Cells ‫)002ف(‬ were scored for each time point and each to change after an additional 9 hr of incubation (data cell was examined in several focal planes to maximize detecnot shown). These results suggest that ndt80 mutants tion precedes the uniform distribution. They also are consistent with the idea that the release of SCs from the periphery is connected to the completion of crossing quet. It has been suggested that NDJ1 plays a role in the over.
interaction of the telomeres with the nuclear periphery.
Perinuclear chromosomes in meiotic nuclei lacking
Therefore, it seemed reasonable to determine whether ZIP1::GFP: Evidence for a perinuclear association could NDJ1 was required for the perinuclear SC array. Accordalso be seen in appropriately staged wt cells where ingly, SC formation and structure were examined in Hoechst-stained DNA gave a doughnut-like array similar an ndj1 mutant containing ZIP1::GFP. Both perinuclear to that observed in ZIP1::GFP-labeled cells with perinuand uniformly distributed SCs were observed in the clear SCs (Figure 4, D and E) . Doughnut-like arrays were mutant ( Figure 4F ). In addition, there was a significant also readily observed in appropriately oriented DAPIshift from perinuclear to uniformly arrayed SCs as pastained wt cells without the aid of optical sectioning and chytene progressed, similar to that observed in the deconvolution. These arrays were indistinguishable from ZIP1::GFP/ZIP1::GFP homozygote. The ndj1 mutants exthose shown in Figure 4 , D and E. Quantitation by convenhibited a longer pachytene as has been previously retional fluorescence microscopy showed their appearance ported (Conrad et al. 1997) . These results suggest that was induced by sporulation and was transient, appearing NDJ1 is not required for the establishment of the perinuand disappearing at the appropriate time prior to the first clear SC array and any subsequent rearrangement. They meiotic division (Figure 6 ).
are consistent with the idea that the arrangement of SC at The ndt80 and ndt80 ZIP1::GFP homozygotes were also the nuclear periphery does not directly involve telomeres. examined and exhibited sporulation-induced doughUse of ZIP1::GFP for the enrichment of SCs: ZIP1::GFP nut-like DNA arrays that were indistinguishable from was next used as a fluorescent marker to assay the enrichthose in wt cells. However, in these strains the doughnutment of SCs and attempt to identify meiosis-specific SC like arrays arose at the appropriate time and persisted
proteins. An ndt80 mutant homozygous for ZIP1::GFP and there was no nuclear division indicative of the pa-(strain EW104) that was arrested in pachytene was utichytene arrest (Figure 6 ). These results provide further lized to increase the fraction of the cells containing SCs. evidence for the perinuclear SC arrays and indicate that
In total, 90-95% of the nuclei showed bright fluorescent they are not an artifact of the ZIP1::GFP construct. SC (Figure 7) . Details for purification of nuclei and the Perinuclear arrangement and redistribution of SC is enrichment of SCs are described in materials and not dependent upon NDJ1: NDJ1 encodes a meiosismethods. Briefly, nuclei were isolated from spherospecific telomere-associated protein required for the formation of leptotene-zygotene chromosomal bouplasted cells by a modification of the method of Rout parallel sporulating wt ZIP1 nonfluorescent fraction (lane 7) or in vegetatively grown ZIP1::GFP cells (lane 9) and was much less intense in an unfractionated extract (lane 8). Little degradation of the protein was observed in any lane, suggesting that the Zip1::GFP from enriched SCs was intact. Interestingly, Zip1::GFP appears as a doublet, suggesting post-translational modification. The lower-molecular-weight form was enriched in the fractions containing the highest concentration of SCs. These Western blots were also probed with antibodies to Red1, another S. cerevisiae SC protein (Rockmill and Roeder 1988) , which exhibited an almost identical clei from the same strain as a control (Figure 11 ). There was no clearly visible sporulation-specific 120-kD band and Kilmartin (1998). Purified nuclei showed a 6-fold indicative of Zip1::GFP. However, analysis of the proincrease in fluorescent units (FU)/mg protein (Table  teins extracted from the 120-kD band using MALDI-2). Nuclei were lysed using 2.0% (w/v) polyoxyethylene TOF mass spectroscopy and the ProFound program 9 lauryl ether (polidocanol), which preserved fluores-(Zhang and Chait 2000) indicated the presence of cence and enabled surface spreads of the SCs from Zip1-specific peptides. The most prominent meiosis-speenriched nuclei (Figure 8) . Next, the lysed nuclei were cific bands were extracted from the gel and analyzed treated with DNAseI and RNAseA to remove most of by MALDI-TOF mass spectroscopy and the ProFound the chromosomal DNA and contaminating RNA and program (Zhang and Chait 2000) . Four of five bands reduce the viscosity of the nuclear lysate. The extract examined, Smc3, Spo22, Ams1, and Fox2, were concluwas clarified by centrifugation, which removed insoluble sively identified and one was tentatively identified as material without significant loss of fluorescence. The Smc1. Smc3, a component of cohesin, was previously supernatant was centrifuged onto a 1.5-2.3 m sucrose found to be on axial elements that form the SC. This step gradient and the majority of fluorescent material protein was present in an ‫-041ف‬kD doublet. The other was contained in the 2.0 m layer. This fraction was enmember of this doublet could be only tentatively identiriched 36-fold for Zip1::GFP and contained 60% of the fied as Smc1 because this band contained contaminattotal starting fluorescent material. Fluorescence microsing peptides. Most interesting was the identification of copy revealed that this fraction contained fluorescent the Spo22 protein. The gene that encodes this protein strings, punctate material, and some aggregates conis required for efficient meiosis, produces a meiosistaining both strings and punctate material (Figure 9 ). specific transcript, and contains a phospholipase A sigThe purification was examined on Western blots nature (Cherry et al. 2004; Primig et al. 2000 ; G. Tevprobed with antiserum to GFP (CLONTECH). The rezadze and R. E. Esposito, personal communication). sults revealed enrichment of an ‫-021ف‬kD protein band, The other two proteins identified, Fox2 and Ams1, are the expected size for Zip1::GFP (Figure 10) , that was peroxisomal (Hiltunen et al. 1992 ) and vacuolar enmost intense in the fraction with the most fluorescent zymes, respectively (Yoshihisa and Anraku 1990). FOX2 produces a sporulation-induced transcript while material (lane 6). This band was not present in the Total GFP-specific fluorescence and the amount of total protein from the noted samples were determined as described in materials and methods. Total fluorescence and total protein are per milliliter of sporulating culture. Figure 8. -SC spreads from enriched nuclei. Strain EW104 (ZIP1::GFP/ZIP1::GFP, ndt80/ ndt80) was sporulated and crude nuclei (nuclear fraction 3) were prepared as described in materials and methods. Surface spreads were performed using 2.0% (w/v) polidocanol to lyse the nuclei. (A and B) Phase-contrast microscopy of silver-stained preparations. (C) Fluorescence light microscopy of unstained spread. Magnification, ϫ1000.
AMS1 does not (Chu et al. 1998) . Two other meiosisalleles (Tung and Roeder 1998) . ZIP1::GFP/ZIP1 heterozygotes exhibited no delay but produced weakly fluoresspecific bands were analyzed but turned out to be previously characterized proteolytic cleavage products of cent SCs. In spite of these minor limitations much was learned with this construct. Fox2 and Ams1 (Yoshihisa and Anraku 1990; Hiltunen et al. 1992) . These results suggest that our SC prepaIn S. cerevisiae, zygotene synapsis begins at DNA DSB sites that occur throughout the genome (Chua and rations contain membrane contaminants, data consistent with the density of the fractions but also consistent Roeder 1998). In our studies, we defined zygotene nuclei as those displaying fluorescent punctate dots and with the perinuclear localization of SC that was most apparent in the ndt80 arrested nuclei. On the basis of short filaments within the first 4 hr of sporulation. The zygotene foci that were observed were uniformly distribthese results it is likely that additional SC proteins will be identified by further studies on fractionating these uted throughout the nucleus, suggesting that the DSB initiated pairing interactions and early stages of SC forpreparations such as 2-D gel electrophoresis. mation occur all over the nucleus. This observation contrasts with those made on higher eukaryotes where syn-DISCUSSION apsis is thought to begin near telomeres that are associated with the nuclear periphery (Loidl 1990 ). A ZIP1::GFP fusion that produces full-length fluoresThese contrasting observations nevertheless are consiscent SCs enabled an analysis of these structures in living tent with the fact that recombination rates are highest meiotic yeast cells and facilitated the partial purification near the ends of chromosomes in some of these higher of these supramolecular complexes. Zip1::GFP mainorganisms (Villeneuve 1994; Lander et al. 2001 ; Froetained its fluorescence in the presence of DTT, formalnicke et al. 2002) whereas recombination rates are more dehyde, and several mild detergents (data not shown) uniformly distributed throughout yeast chromosomes and produced SCs that also were capable of being visual- (Mortimer and Schild 1980; Kaback et al. 1989) . ized in surface spreads. On the basis of its ability to In contrast to the uniform distribution of zygotene produce normal-looking SCs, rescue the spore inviabilfoci, mature full-length SCs were localized near the nuity phenotype of zip1 deletions, and produce near wt clear periphery in more than half of the early pachytene levels of recombination, it appeared that the fluorescent nuclei. The remaining nuclei exhibited a more uniform fusion protein was mostly functional. However, comdistribution of SCs that filled the entire nuclear volume. plete function could not be assured because strains ho-
The perinuclear array appears to be genuine since it mozygous for the fusion exhibited a 1-hr delay in comwas present in both the ZIP1::GFP homozygote and the pleting meiosis I. This delay is similar to that previously reported for several other mostly functional zip1 mutant phenotypically wt ZIP1::GFP/ZIP1 heterozygote. In addi- In total, 5 g of protein per lane was separated by PAGE, transferred to a PVDF membrane, and incubated with antibody to GFP; antigen antibody complexes were detected as described in materials and methods. (Lanes 1-6 ) Enriched nuclei from sporulating strain EW104 (ZIP1::GFP/ZIP1::GFP, ndt80/ndt80) were lysed and fractionated on a sucrose step gradient as described in materials and methods. Lanes 5 Figure 11 .-Identification of sporulation-specific proteins and 6 contained the majority of the fluorescent material and from SC-enriched preparations. Coomassie blue-stained 10% were collected as the enriched SC fractions. Little if any pro-SDS-polyacrylamide gel shows sporulation-specific proteins tein material and no fluorescent material were contained beidentified by MALDI-TOF mass spectrometry. M, molecular low these fractions. in S. cerevisiae, perhaps the different perinuclear arrays are also somewhat dependent on nucleolar position, which has been shown to be perinuclear in thin-section, a sporulation-induced, transient, but somewhat more diffuse perinuclear DNA array can be observed in tioned pachytene nuclei (Byers and Goetsch 1975). Nuclear structure was examined in ndt80 mutants that Hoechst-or DAPI-stained wt nuclei that do not contain ZIP1::GFP. This array precedes meiosis I and occurs at were arrested in pachytene. Approximately two-thirds were scored with perinuclear SC (pachytene A) while a time that is consistent with pachytene. It furthermore persists in ndt80 homozygotes that are arrested in pachythe remaining cells contained uniformly distributed SC (pachytene B). The fact that not all nuclei were perinutene. While staging the perinuclear and uniform arrays in the ZIP1::GFP/ZIP1 heterozygote did not reveal a declear means that either a fraction of the nuclei may have been scored improperly due to limits in optical finitive temporal relationship, results with the ZIP1::GFP/ ZIP1::GFP homozygote suggested that the perinuclear arresolution or a fraction of the cells are capable of advancing to pachytene B without ndt80. rangement precedes the more uniform distribution. On the basis of these observations we propose that pachyInitial observations of the ndt80 mutant suggest that SCs are not as fully condensed as in wt. In contrast, tene in S. cerevisiae consists of two distinct substages that we term pachytene A (perinuclear SC distribution) and silver-stained surface spreads of ndt80 SC appear normal (Xu et al. 1995) . At present we have no explanation for pachytene B (uniform SC distribution). The inability to definitively stage these arrays in the heterozygote was the difference other than to raise the possibility that ndt80 mutant SCs are not fully matured. mostly likely due to insufficient synchrony and the increased speed at which pachytene takes place compared NDT80 has been described as being required for exit from pachytene. Since most ndt80 cells appeared to to the homozygote. Furthermore, scoring was more difficult due to the weak fluorescence. It is also possible be arrested at the pachytene A stage, the NDT80 gene product may be more accurately described as being that pachytene is dynamic with SCs oscillating between the perinuclear and uniform distributions, so that SCs required for progression from pachytene A to pachytene B. The ndt80 mutants also suggest that the distinct SC spend more time at the periphery at early times than at later times. Unfortunately, the ability to distinguish distributions could correspond to the presence of specific recombination intermediates (Allers and Lichbetween these two alternatives was beyond our present technical capabilities. ten 2001; Hunter and Kleckner 2001). Mutant ndt80 cells arrest with mostly perinuclear SCs and unresolved Two perinuclear SC distributions could be observed, one where SCs were polarized to one side, the other double Holliday junction intermediates. These results suggest that efficient processing of these intermediates where SCs were evenly distributed. During late zygotene or early pachytene in maize, the nucleolus moves from may require the perinuclear localization. Perhaps the resolution of these intermediates is a prerequisite for the center of the nucleus to the periphery, polarizing chromosomes to one side (Dawe et al. 1994) . While no transitioning from pachytene A to B. On the basis of the ndt80 results, the reorganization of SC from the exceeded 60% and SC-like structures were observable periphery might be considered the first morphologically throughout the purification it is very likely that bona fide distinct phase following the pachytene arrest checkSCs were purified and unlikely that our preparation point. The mechanism for this reorganization is not contained only polycomplex. Nevertheless, it is certainly known but could involve either the release of SC from possible that our preparations contained some polycomthe nuclear periphery or an overall change in nuclear plex. It should be further pointed out that these results membrane shape or nuclear volume.
were all obtained with ndt80-arrested cells using a modiWe examined the role of NDJ1 and found that the fied form of the Zip1 protein that exhibited near but Ndj1 protein, which interacts with the nuclear periphnot completely wt activity. Nevertheless, these observaery-associated meiotic telomeres, is not involved in estions on the purified SC material suggest that these tablishing the perinuclear organization of SCs. These methods will prove useful for the further analysis of the results suggest that telomeres per se have little if any role yeast SC. in the perinuclear SC array. Nevertheless, it is possible To conclude, the ZIP1::GFP construct that is dethat the uniform distribution of SCs at pachytene B scribed here exhibited near wt behavior and produced requires the release of telomeres from the nuclear pefluorescent SCs that were easily visualized both in living riphery.
cells and in chromosome spreads. Our studies showed The significance of the association of the SC with the that ZIP1::GFP is useful for observing the organization nuclear periphery is not known. Perhaps the presumed and behavior of SCs as well as serving as a convenient movement of the nascent SC to the periphery facilitates marker in the partial purification of these structures. pairing by physically removing the properly synapsed This construct should be useful for studying other aschromosomes from the unsynapsed ones. Another pospects of meiotic pairing and may also facilitate karyotypsibility is suggested by the observation that efficient reing since spreads do not require staining. pair of mitotic double-strand breaks requires tethering
